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THE 19f'5 ARPA-ABC JOIWT LICHTIIIIC gTUDY AT 1X6 ALAMCß 

vaunt' rv 

DiaCRIMINATIO« AGAIN3r FALSE TRIOCn?INC OF 

AIB-FUKKESCENCE DCTECTIOW SYnTEKS BY LICHTNINC 

Ouy E. Baraach 

AB3WACT 

Optical discrimination technique« to prevent false triggering of 

nuclear-exploslon-exclted air-fluorescence detection systems by lightning 

are evaluated.   The spectra of lightning and of air fluoraacence are very 

different:    lightning emits a strong continues and neutral and lorlzed 

atonic line radiations, whereas the air-fluorescence spectrum Is primarily 

molecular band radiation.    The discrimination technique maXes optimum use 

of two detectors to identify the source of a light pulse through these 

differences.    False triggering of the de.ectlon system occurs either when 

the source is mlsldentlfled or when one of the measurements cannot be 

oade because the incident signal at that wavelength Is below the detection 

threshold.   The present evaliiatlon Is a statistical prediction of false- 

triggering rates taking Into account:    lightning emissions, air-fluores- 

cence emissions, atmospheric propagation sechanisms, detector-conponent 

parameters, and background radiation. 

Two detection-system designs are evaluated, each of which specifies 

a narrow passband at 391^ k for detection of N» IN  (0,0) fluorescence. 

One uses 2-ln.-dlaa "lAnL-2" all-sky radiaeetersi the other uses Improved 

-in.-Uar. "LASL>3" all-sky radloneters.    Four discrlml.-iatlon-channel 

wavelengths are evaluated:    -1 •    k  (•* -i bandwidth), 1*950 i  (220-1 land- 

width),  5000 I  (20-i bandwidth), and 6563 I  (20-1 bandwidth). 

The predicted yearly false-triggering rates at a typical site are: 

Dlscrtmlnatlon Wavelength 

HI^ I   ±950 l    yxx) X   6563 A 

Two-Inch radiometers 1100 ~ 6 < U20 710 

Five-inch radloneters 660 0.2 < 136 510 

The best discrimination capability 1« realized with the '»950-1, 220-1- 

bandvldth channel, because the  ' -l-.-J,   ■ •    -'  radiated spectral-Intensity 

ratios of lightning and air fluorescence are substantially different, and 

because lightning radiates more flux In the 220-1 band near '«930 1 than 

In any of the other hands considered.   The rates of source ralsldentlflca- 

tlons and below-threJhold  false triggers are therefore minimized.    CVlng 

to the superior discrimination characterlirtlcs of the •• ^   -i channel In 
conjunction with 5-ln. radiometers, we recoranend this combination for Im- 

provement of current detection systems or use In any new system designs. 



I.    IWTRCCUCTIOW 

This report Is the fourth of • series on the 

optical results of the 1963 lightning study.   The 

physics of the optical outputs of lightning «nd 

their detection has been presented In the first 

three volume».'"1    In this report, optical dlscrlal- 

natlou against lightning-produced light pulses by 

nuclear-exploslon-exclted air-fluorescence detection 

systeaa Is analysed and evaluated. 

Detection of nuclear explosions high In the 

atmosphere or In Interplanetary space can be accon- 

pllshed by detecting optical fluorescence of air, In 

the upper atmosphere, excited by x rayd frcn the ex- 

plosions.   The energy radiated by the fluorescence 

Is on the order of a few percent of the Incident x- 

ray energy and Is concentrated primarily In narrow 

molecular bands of Na ":*! He throughout the visible 

and near-visible spectrum.   Tals detection nrthod 

has an Inherently high sensitivity even during day- 

light, when background light levels ax« high:    typi- 

cal, practical systems, such as the Los Alamo» Air- 

Fluorescence Detectlor aysten designed In 1939 by 

Westervelt and Hoerlln,4 can detect.  In daylight, a 

1-kt nuclear explosion up to at least 30,000 Im 

above the atmosphere.    The maxirmai detection range 

Increases by about a factor of 30 at night. 

Distinguishing betwen light pulses fro* light- 

ning flashes and nuclear-exploslon-excited air 

fluorescence* is a necessary feature of an effective 

detection system.    Lightnlrg storm» emit many strong 

optical signals and can be arbitrarily close to a 

ground-based detection station.   The frequency at 

which these false pulse» are detected can effective- 

ly negate the capability to detect and identify a 

"real" nuclear-exploalcn produced signal. 

This problem was recognized in the early de- 

tection-systesi design stages.    Consequently, two 

techniques were proposed by which Inherent differ- 

ences of the optical signals of lightning and air 

fluorescence might be used to recognize autosMtically 

the source type and so "discriminate" against false 

alarms produceä by lightning.    The study and evalua- 

tion of these and other techniques to prevent or 

lialt lightning-produced false alarms has been given 

the title "lightning discriainatlan." 

One of the proposed discrimination techniques 

was based on possible differauces in the optical 

pulse shapes of lightning and air fluorescence.   The 

expected pulse characteristics for air fluorescence 

had been determined theoretically  (and were later 

substantiated experimentally).    However,  in an early 

lightning study in 1939, we were able to show that 

discrisdnation based exclusively on pulse shape is 

not practical, because many lightning pulses have 

shapes identical to air fluorescence. 

The second proposed discrimination technique 

was based on differences between the optical spectra 

emitted by lightning and air fluorescence.4 The 

'Par brevity, we will shorten this term to "air 
fluorescence" for this volume, and for clarity we 
will therefore not refer to lightning radiation as 
"fluorescence." 

lightning spectrum was not known quantitativelyi 

however,  it was known qualitatively that,  in con- 

trast to the continuum-free molecular band radiation 

of air fluorescence, lightning radiates a strong 

contlnum, as well as atoBic-line and, perhaps, mo- 

lecular-band features.    A system of detectors with 

narrow bandwldths at two or more spe'.tral regions 

sight be able to sense these differences and so de- 

termine the source of the detected pulse. 

Studies of an air-fluorescence spectrum and an 

estimated lightning spectrum led to the choice of a 

20-Jl wide band at 391i> I for detection of the air- 

fluorescence   (0,0) radiation of N'a 1A', and a 20-Jl 

wide bawl at MkO I, which Is very weak in air fluo- 

rescence but is in the strong continuum of lightning, 

for lightning discriaination.    Both sources produce 

strong signals at 3911* H, but lightning signals are 

much stranger at iflUO I, relative to 391'« f., than 

air-fluorescence signals.   The signal ratio, 

391l»-lAl|»0-]U could then be used to identify the 

source type. 

A lightning study was conducted in 196} at Los 

Alamos by R. A. Amato and    -then GGjC personnel to 

evaluate the Los Alamos Air-Fluorescence Detection 

System and lightning discrimination based on source 

spectra.    Amato concluded that the 3911»-lAl'*0-l 

ratio of detected signal: was an effiectlve discrimi- 

nation parameter for 98K of the detected lightning 

pulses, and he reccanended the construction of an 

autoaatic lightning-dlscrimlnatian system.0 

However, there were four shartcasilngs of the 



enrly  ll<yitrlng «tudles: 

!• The coocluslons were based more on a sta- 

tlntlcnl treatsvnt or the data than on a physical 

understand* nf. or the emission and signal-propagation 

procenjes. 

2. The conclusions were applicable to the de- 

tectors that had actually been operated, but they 

were not extended to newer detector designs. 

?. Newly-proposed spectral regions for dis- 

crimination had not been studied.9 

x. The operation cf a lightning-discrimination 

system had not been analyxed fully. For example, 

the conditions that would produce a false alarm wre 

not defined, and, in fact, one important source of 

false alarms was totally ignored. 

In the present analysis we depart fron earlier 

ones: we consider In greater detail the emission, 

propagation, and detection of lightning and air- 

fluorescence radiations, and we define the conditions 

that can lead to false alarms. For example, we dis- 

tinguish between genuine false alanas, where the re- 

corded signals actually Indicate on close inspection 

that an air-fluorescence pulse was detected, ve the 

tines when the atitoaatic discrialnation equipaent Is 

"fooled" and so penults a lightning signal to be re- 

corded ("false trigger"), '«lien the results of these 

considerations are Incorporated into an evaluation 

of lightning discrimination, the shortcoBings of the 

earlier analyses are remedied. 

For optinum lightning discrimination, vc  find 

that large amounts of light must be detected from 

lightning. This requirement ensures that weak 

lightning pulses are detected and properly measured, 

so that they can be accurately identified as light- 

ning and so do not produce false triggering. The 

best way to detect large amounts of lightning radia- 

tion is to use a broad spectral bandwidth sensitive 

to the strong continuum of lightning. A 320-Jl wide 

region centered at '»930 I is shown to be optlnum for 

lightning discrialnation of a Wl^-l detection sys- 

tem, based on (a) the collection of a large amount 

of the lightning continuum, and ft) the fact that 

the air-fluorescence spectrum is very weak in this 

region, relative to yflk X. 

The quantitative conclusions presented '. this 

report are baaed on conslderatioos of the following 

aspects of lightning, the atmosphere, and Jiscrltrl- 

nation systems: 

1. The lightning spectrum and its variations. 

2. Modifications of the spectrum during propa- 

gation to the detector. 

J. The spectra of nuclear-explosion-excited 

air fluorescence. 

'■•. Detector sensitivities, fields of view, and 

bandwidths. 

'j. The ways in which false triggering occurs. 

Volumes I to III1*3 deal with the input data 

represented above by Items 1 and 2.    Items 3 through 

5 are treated in this VOIUM In the following se- 

quence ! 

1. Section II discusses systeo operation, with 

emphasis on how false trigcerirv is produced. 

2, Section III presents the spectra of nuclear- 

explosion-excited air fluorescence, as well as a 

typical lightning spectrum, and enumerates the spec- 

tral regions that appear practical for »I'scrlmlna- 

tlon< 

5. Section TV uses parameters of the detectors 

to calculate their senaitivlties at the spectral re- 

gions of Interest. 

These Input data are followed. In Section V, by 

a derivation of anticipated false triggering rates 

when the various spectral regions are used for dis- 

crimination. These results are used to formulate 

the reconoended design for discrimination against 

lightning by modem detection systems. 

n.   orawrio« or THE LIGRTHIND-DISCRIMINATIND 

DFTBCTIOR GYOT» 

The detection systems f<~- which these evalua- 

tions are valid use a continuously-operated radicn- 

eter» sensitive to a wavelength region in which 

•In previous voluaes of this report,s»3 and in an- 
other related report,7 we have used the term "pho- 
tonater" to mean what we now call a "radioneter." 
We oaLke this change in deference to the Honenclature 
Coraalttee of the Optical Society of America, which 
has recently endorsed the restriction of the tern 
"photowter" to devices for measurements of quanti- 
ties only to the extent that they are visible to 
the human eye." 



nuelear-expXoslao-«xclt«d air nuareacence 1* 

strong.    Heglont vhlch :.«ve been proposed far nucle- 

ar-oxploBlon detectl-n are:     591^ I,  .'"O-I-wlJe 

[ni 1* (0,0)] j 4278 i, aO-H-wld« [nj m  (l,0)]j and 
• band within the nMr Infrared, extending frao 

~ 6000 to ~ 11,000 l [N« IP group].   The detection 

•yrtena are limited In aensltlvlty at a particular 

tpectral region by vtatistlcal nolae of the photo- 

electron bean of the detector.   Thin nolae Is gener- 

ated In daylight by the detection of the background 

light, and at night both by detection of background 

light and the Internal processes of the detector, 

such as dark current.    Typical daylight sensitivi- 

ties of the detection systena, expressed in terns of 

the distance frca which an explosion can be detected, 

range frcei 5.5 x 10* >/t~ kxi, where Y    Is the x-ray 

yield of the explosion in kllotons, for the LAAFDS« 

as designed in 19W, to an estimated 1 J8 Ji~ km for 

the newest design.   The senaitivities are 10 t.jes 

or more greater at night than in daylight. 

Lightning typically produces detectable signals 

fron distances of 60 kB during daylight and of »ore 

tnan 100 km at night.    The actual naxloun distance 

from which lightning can be detected depends on at- 

aospherie conditlcns, local environnent, the llght- 

ninr stom Itself, and details of detector construc- 

tion, such as field of view,    if stoms occur closer 

than the oaxlxum-detection distance, lightning can 

trigger any of these detectors at a high rate,  so 

that It becoass impossible to isolate a nucle*r-ex- 

plosion-produced signal. 

To decrease the rate at which triggering is 

produced by lightning,  inherent differences between 

llghtnine signals and air-fluorescence signals can 

be used to differentiate bettwen then.    Such differ- 

ences can occur in the pulse shape, the shape of the 

optical spectrua, the characteristics of the electro- 

■agnetic radiations, or the relationship -etween op- 

tical and electronagnetic r»iiatlons.    In the preliB- 

Inary optical lightnln»: study,  in 1959» we f-'und that 

difftorences in optical pulse ahupes are not suffi- 

cient for useful difrerentiati'Si of all lightning 

pulses. 

The spectra of lightning and air fluorescence, 

however, are basically very different;    lightnir« 

emits a stronr; continuun, a si neutral and ionized 

atonic line radiations, w   rea» the air-fluorescence 

spectrum is conposed primarily of molecular band 

radiations.    Because of these differences,  spectral 

regions exist in which the emitted  Intensities can 

be used to identify the source.    We will present the 

act «1 spectra of lightning and air fluorescence, 

and derive such spectral regions from them,  in Sec- 

tion III, after presenting the criteria by which 

optimum spectral regions must be chosen. 

To effect discrimination on the basis of dif- 

ferences in source spectra, two regions of the de- 

tected spectrua are measured.    One region contains 

the spectral feature used for air-fluorescence de- 

tection and is called the detection channel.    The 

other region is called the discrimination channel. 

The two spectral regions are chosen so that their 

relative signals for air fluorescence differ In a 

known way from the signals for lightning.    Any de- 

tected signals in '   ~  ".wo regions are autooaticslly 

conpfired, and the    ype of source is identified on 

the basis of the coaparison. 

As an exaimple, suppose we are using a detection 

channel at 591'» i and a discriBination channel at 

1*11*0 i.   The signal ratio 391<*-lAX'*0-l for most 
air-fluorescence spectra is known to be > 10; wnere- 

as that for lightning averages ~ 1 and is never 

larger than 6.    Ue therefore choose a discrimina- 

tion-ratio criterion of 10} that is, we set our ap- 

paratus so that all pulse« with a 591l*-lAll*0-)l 

ratio < 10 are rejected.    In this way, we relect sll 

lightning-produced signals for which tne dlscrlmlns- 

tion-ratio test is possible. 

The discrimination-ratio test becomes impossible 

for pulses so small that, although detected in the 

detection chrnnel, they are below threshold In the 

discrimination channel.    For a given discriminatlon 

channel, no solution to this kind of false trigger- 

ing can be effected while full detection sensitivity 

is maintained.    The number of such pulses that occur, 

however, depends on the spectral region chosen for 

discriBination, and much of our evaluation has been 

concerned with miniBiting these "below-threshold" 

false triggers. 

As an exaaple of below-threahold false trigger- 

ing, consider again a detection system with channels 

at 591lt and UlbO 1.    Suppose a lightnln«! pulse pro- 

duces signals at the detectors with a  •91'*-;. "I'-O-li 



ratio of 2.0, well vlthln the range of lightning- 

produced ratio*.*   A pulae with this ratio would be 

rejected by the dltcrlainatlon ayaten If It could be 

detected In both channels.    Suppoae, however, that 

tlie pulie Is only «lightly above the detection 

threshold at 391'* I.    Because 5911»- and 1*11*0-'  chan- 

nels have about equal sensitivity, and because we 

have postulated a l»lU0-A slgrMl only half as Large 

as the threshold  ^Qiu-J signal, the 'tlko-l signal la 

smaller than the dlscrlmlnatlon-chrnnel threshold 

and thus cannot be detected.    A  raise trigger Is 

produced, even though the spectnai 'fitted by this 

pulse Is Inherently suitable for dlscrlnlnatlon. 

This Is tne ma.lor source of false triggering nen- 

tlooed  In Section I as not having been noted In pre- 

vious llghtnlng-study analyses. 

In the examples glvra above, we have assumed 

that llghtnlnf and air-fluorescence have detection- 

channel to dlscrlmlnatloo-channel ratios different 

enougi  to permit unaoblguous source determination. 

This assumption was manifest  In our statemeiit that 

tue iflk-i/klkO-i ratio was > 10 for air fluores- 

cence, and < 6 for lightning.    There are a number of 

spectral regions suitable for unambiguous differen- 

tiation betveen lightning and a typical air-fluores- 

cence spectrum.    However,  In some of these spectral 

regions, an unambiguous determination of source type 

becones Impossible 11 we consider typical nuclear- 

exploslon-exclted air-fluorescence spectra.   This 

ambiguity is an Indirect cause of detection-system 

false triggering. 

Suppose, with the detection system discussed 

above, we must consider an air-fluorescence spectrum 

excited by a high-altitude nuclear explosion in 

which the 391^-lAl^O-Jl ratio Is only 3*    Such a ra- 

tio may be possible when high-yield explosions occur 

near the atmosphere, owing to a decrease of the 

591'»-i feature relative to the rest of the spectrum. 

We must set the discrimination-ratio criterion to a 

value less than 5, say k, to be sure to detect and 

not reject a puls« fron this source.    However, there 

are also lightning pulses with ratios greater than 

«.    When these pulaes are detected, they ans mis- 

Idartlfled as air fluorescence and so produce 

"source-alsldentlflcatlon"  f&lse triggers. 

Thus, there are two inherent lightning-caused 

sources of false triggering of a nuclear-explosion 

detection mymtem:    source mlsldefitlfleatlan, and 

be]aw-threahold pulses Incident on the llscrtmlnn 

tlon-ehaaael radlcaeter.    TM» falae triggering enn 

be ■inlalced or ellaiuited by the proper choice of 

dlscrlalnatlan wavelength. 

First,  source ■Isliientlcications can be mini- 

mized  if a discrimination channtl can 1« found  for 

which the range of detection channel to discrimina- 

tion channel spectral-lmdlance latios produced by 

air fluorescence and the rai«e of ratios produced by 

lightning overlap the least. 

Second, i «■ low-threshold false triggering can   e 

minimized If the sensitivity to llghtnir.«? of tne 

discrimination channel radioneter Is made as large 

as possible relative to the detection chaxu«!  sensi- 

tivity.    We have noted that many lightning pulses 

which produce Just-detectable signals In the detec- 

tion channel would produce below-thrashold sigtals 

In a normal-sensltlvity discrimination channel.    Any 

enhanced  sensitivity of the dlscrlsilnatlon channel 

to lightning would permit much false triggering to 

be eliminated. 

Radioneter sensitivity to lightning can be In- 

creased by:    1) ui.    f a larger radioneter, 2) a 

more sensitive detection element,  or 3) detection of 

more of the emitted lightning radiation.    The first 

two methods do not effectively Increase the discrim- 

ination-channel sensitivity relative to that of the 

detection channel for t-e following reason.    What- 

ever changes are applied to the discrimination chan- 

nel also will be applied to the detection channel to 

increase its sensitivity, and there will be no change 

of relative sensitivity. 

However, the third approach can be made so that 

the changes are not applicable to the detection 

channel, radlaneter.   A spectral region for discrimi- 

nation raupt be found which meets two criteria: 

1*    lightning radiates strongly relativ« to the 

detection channel, and 

2.    nuclear-explosion air fluorescence radlat«« 

weakly enough, relative to the letectlon channel, 

that the  source can be recognized  fron the ratio of 

th« two channels' outputs. 

One dlacrlalnatlon region that meets these cri- 

teria Is a narrow passband that surrounds a bright 

atualc-llne emission of lightning, but which 1« a 



rtlatlv*]^,  d*rk raflon of UM air-fl'iaraacMc« »jmc- 

tn».    tMre the MDiltlvtty IncrMM far llehtnli« 

4«t*ctlon aecurt because the atoBdc-llne radlatlcn 

In Uie dlacrlalaatlan channel It larner than the 

contlRvn« rmdlatloc. In the detection channel. 

Another aultable spectral regloc la a broad re» 

«Ion of contlnuuB radiation«    Ll«ntnliw exhibit» a 

»trow eoBtlmna, at leaet below 6000 1, and bra«d 

■ peclral  regions can be found In which llghtnli* 

radlatea aueh acre strongly, relative to 591'» or 
kSfd I, than nuclear-exploalon-exclted air riuores- 

canc«.    In this caae, the aenaltlvlty advantage oc- 

curs as followt.    CVlng to Its atrong contlnuv», 

lightning radiates «uc-   more flux In a broad spec- 

tral region at the dlscrlnlnatlon wavelengtii than It 

does In the narrow detection channel.    Between 5900 

and 6000 I, the flux radiated by II. htoli« la ap- 

prjxlnatelj  proportional to the bandwldthi and,  so, 

a 220-Jl-wtde dlacrlxilnatlan channel detects about II 

tines aa auch flux as does a 20-l-wide detection 

channel.   The background-radiation Induced nolae Is 

alao Inrger In the dlscrlnlnatlon channel, but only 

by a factor proportional to the square root of the 

bandwidth.    Thus, a net gain of stgnal-t-»noise ra- 

tio, or aenaltlvlty. Is realized  for Ughtnli«. 

III.     •reCTOAL RBGIOKS rm DiaCHIKTHATIO« 

We have ahown that the following criteria snitt 

be satisfied for effective dlscrlnlnatlon. 

1. The ratio of expected air-fluorescence sig- 

nals in the detection and dlscrlnlnatlon channels 

nuat be as different *s possible fro* the ratio for 

llghtnlr«, and,  in particular, the overlap between 

the two ratio distributions nuat be nlnlaal. 

2. The algnal-to-nolae ratio of the dlscrlain- 

atlon channel under typical  operating condition 

■ust be as large as possible relative to that of the 

detection chnnnel. 

We oust now find regions of llghtnli« and alr- 

fluoreecence spectra that aatlsfy tneee criteria. 

/.    Qpectra 

A typical lightning spectrum recorded by Connor1 

and an air-fluorescence spactrvsn recorded In the 

laboratory by Hartann* are shown for coaparleon In 

Fig. 1.    Perth have 6- to 6-jl spectral resolution and 

ware oaranllzed to 591"« I.   The qualitative differ- 

ences on which the Ilghtnlng-dlscrlnlnatlon tech- 

nique Is baeed are apparent:    the predcainant nolec- 

ulnr-feand features of air fluorescence vs the strong 

contlnuvjsa anl the neutral and Ionized atoalc-Ilne 

features of lightning.   The quantitative difference 

ahown decreaees with detection system» having poorer 

spectral reeolutlon, owli« to the decrease In peak 

intensities of the band features ae they becoae ef- 

fectively broader- 

I.    Lightning.   The Ilgh'.nli« »pectrua of Fig. 

I la that of a eubaaquent return stroke   ' kn Tram 

the spectrograph, corrected for ataoapheric trans- 

■isslon.   The coUiaated photoelectric data* hnve 

ahown that nost other lightning phenoawna,  such as 

cloud strokes and leaders, have »Inllar .pectr» at 

i9l*, '•1W, and 6563 I, although, a» Connor alao re- 

ported,1 flrat-retum-strojce spectra are soMwhat 

different. 

The spectrun shown is typical of sub sequent- 

roturr.-stroke  »pectra recorded at Los Alaao» during 

the 19^3 »umer llghtnl.* »eaBan.    Lightning occur- 

ring eleewhere or at other tins» of the year may 

differ in detail.    Hoever, the strong contlnuun and 

narrow atonic-line features «re probably typical of 

ox>»t lightning strokes, and we Infer that the visible 

spectra of all lightning phenonena excluding first 

return strokes are substantially the sane as that 

ahown In Fig. 1.   The variations of this spectrum 

fror pulse to pulse and Its modification for the 

~ d* of all pulse» that are first return strokes 

have been derived froei the Ilghtnlng-study data and 

art used in the dlscrinlnatlon-systes! evaluation. 

2»    Air Fluore»cence.   The alr-fIuore»cence 

»pectrun of Fig. I w»s excited by 800-eV electrons 

In air at a pressure of 0.07 Torr, corresponding to 

an atmospheric altitude of 66 KB.'   Thl» altitude 

approxlaate» tne 60 ka wtiert the raajclaiks x-lfy en- 

ergy wuuld noalnolly be depotlted fron a hlgh-«Itl- 

tude nuclear detonation.   Therefore, the laboratory 

•pectrua should closely approxlaate the »pectrua of 

the air-fluorescence pulse produced by a uigh-altl- 

tude nuclear explosion,  so leng as the energy density 

deposited within the ataosphert Is sanll, as would 

be true for the air-fluorescence pulee excited by a 

distant, exo-atiaoepherlc nuclear exploelnn. 
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Howevvr, tnere are atitmr c«ae« of Interact In 

which tM alr-fluore»cej.ce «pectru* c*n dlffar aub- 

atentlaUy rrm. tea l«t>aratory apactn«:    1) axplo- 

alona within tea ateoaphara teat produca rireball 

radiatlor., aal 2) Langa axploalooa naar tea ateoa- 

phara teat deposit  large anargy danaltlaa vlteln It, 

auch aa tea star flan axploalon.10 

flrat, fireball radiation haa a «tron« contlnu- 

\m vary tiallar to that of llghtnli«.    Therefore,  if 

flraball radiation la preaant, the diacrimlnatlcn 

■yataa baaad on spectral differancea batman ligtit- 

nlng and air fluoraacanca will not work.    In thla 

eaaa, bwavar, othar paranet- -• auch a* pulaa dura- 

tion can ba uaad to dlacrlmlnata against lighteli«. 

Sacood, wtian a nuclear axploalon occura naar 

tea ateoaphara,  large danaltlaa of Ha iona are pro- 

duced in tea ateospharlc region where tea x ray* 

froa tea axploalon are dapoaited.    Thaaa Ions ap- 

preciably trap their own radiation within tea highly 

dobed volv*» ty aalf-ai sorptlot.,  or raaooanca seat- 

terliig, as described by Bennett.'1    Conaaquantly, 

ground-baaad detector» saa a dacraaaa of Vl*»-! 

[Na IM (0,0)1 radiation) tea Biasing photons appear 

instead at kzjb I (0,1), kT09 I (0,2), or ^286 1 

(0,5). 

A systeo that uaaa }9lU I for air-fluorescence 

detection and aosH other wavalai^th,  auch aa klkO t, 

for lightning dlserlBloation, will therefore aaa a 

snallcr 591--1 to MkO-l ratio for a high dose-rate 

r.jclear axploalon than that predicted  froa the lab- 

oratory air-fluorescanea apectrua.    Wa have shown 

now thia Modification of tea alr-fluoreacence spoc- 

truM can lead to higher falaa-trlggerli« rates. 

A aystea that used <*276 I rather than J911» I 

for air-fluorescence detection would ba three tlaes 

less  sensitive to wea* pulaaa, but would not ba ad- 

varsaly affacted by spactnas ■odiflcatlona cauaad by 

aalf-abaorptlon. 

To evaluate lightning dlacrialnatlan by systeaa 

designed to detect explosions near tea ateosphara, 

we taust Know tea fluorescence spactruo of highly 

dosed air.    As representative axanplas, we have uaad 

spectra recorded froa five hlgh-aJtltuda nuclear ax- 

ploalona, taken along lines of sight in which alr- 

fluoreecanca radiation waa pradoadnant.   The details 

of teeee spectre ware obteload froa unclassified 

aactlona of classified references, aa follows: 

1. Sterflah.    Spactrua racordad by Bennett11 

and raducad by «ppeafield.1* A prellalnary reduc- 

tion of this spactrua is presented by Hoarlln la an 

uncUaslflad report.10 

2. Checkaata.    Spectrum reported by Paak and 

Sappenfield.13    No quantitative raduction is pos- 

sible owing to tea slitlass operation of the spac- 

trograph, but for tea purposes of thla report tea 

apectrua appears qualltetivaly stellar to the labo- 

ratory air-fluorescence spectrua of Fig. 1. 

3. Klngfish.   Two spectra along separata Unas 

of sight reported by Peek and Sappenfield.14 

fc.    Bluaglll.   Two spectra along separate Unas 

of sight reported by i*e» and Sappenfield.19 

5.    Tea«.    Spectrum reported by Stone.10 

B.    Discnislnation Region» 

On tea baala of tea llgntnlog and alr-fluoras- 

eanca epaetra of Fig. 1, a Wlk-l detection channel 

and any of four discrimination channels as listed in 

Table I appear practical for an effective detection 

aid discrimination system.    The •«l'.ö-i discrimina- 

tion raglon fits batwsan the features, Ra 2P (0,3) 

and Ha U* (0,1) of tea air-fluorescence spectrumi 

Included within this passband Is tea weak N» 2P (3,0< 

The '♦950-1 discrimination region lies In a broad 

alnimua of the air-fluorescence epactrum.    It is 

limited at each end by strong features of N* Ift: 

tea  (0,2) transition below and the  (0,5) above» the 

220-1 bandwldti. is the broadeet passtand that fits 

Table I.    Spectral Features of Wl^-l Detection Chan- 
nel and Four Diacrlalnatlon Channels 

Wavelength r»nd width 
& 

Air 
Fluorescence 

(£ IN  (0,0) 

Ughtnine 

391'* 20 C* 

UlUO kO Na 2P (5,7) C,NI(6),NI(10) 

I.950 220 N« 2P (1,7) 
(5,i)i mi 

. .Nil 

5000 20 Nil Nil 

6563 X N» ip a,".) Ha 

•C    ■    continuum 

10 



Tu le II.    D*t«ctlan-to-DitcrlaliMtIon CbMnal Ratio« far Lightning and Air fluorescence 

Spectrel-Intent It;- Ratio  (par I) 

Lightning 

Averace 
Haxlm« 

Air fluorescence, 
derived froo 

acA«     )»3t' 

»►950 I 5000 I 

sol*     ioi* 20, Mi' 

Laboratory 80. "»5. uoo. 220. 

Chectaaat« (eetlaatad) > 10. > 10. > 10. > 10. 

Starf1ah 12. 7. 10. 7.0 
Teak 6.0 3.0 7. 3.5 
Klnsfleh 

(•) 5.0 5.0 8.5 4.8 

(b) k.O 2.U 7.5 k.3 
BlueelU 

(•) hi 1.0 8.0 6.0 

(b) hi o^ 6.5 5.5 

160. 160. 

> 10. > 10. 

5- 5. 

7. 

7.5 
5.0 

k. 

6.0 

5.0 

391» I 

6563 I 

»f       'iit 

1.2 1.2 1.1 1.1 0.5 0.1 0.5 0.7 
-6. ~6. «.4.5 ~V.5 -5. ~k. ~k. ~k. 

27. Ik. 

10. > 10. 

0.7 0.% 

80. 10. 

U. 6. 

3.0 2.6 

u. 10. 

•5911«-! bandwidth 

bettwer. tneee two spectral features and has an ac- 

ceptably  snail response at both.    The 5000- and 

6;63-Jl dlscrlninatlon regions are based on llna fea- 

tures of the lightning spectrvji.   At 5000 1, the 

fluorescence spectna of Fig. 1 also snow» an appar- 

ently strong line feature, with the sane origin as 

that In lUT.tnlng.    Howrver, in air fluorescence, 

this feature Is much veaJcer than the 591'•-I detec- 

tion fMtura.    There is also aoderately  strong radi- 

ation at 6563 i in air fluorescence due to the (7,1») 

band of 1% IP, but in the «pectrun of Fig. 1 It Is 
weaker than VU- I. 

The detection-channel to dlscrlAinatloo-channel 

ratios of spectral irradlances  (w ex-* k'1) that 

would be ■aasured for lightning,  for the laboratory 

air-fluorescence spectnjn of Fig. 1, and for soat 

nuclear^xploslon-exclted air-fluorescence spectra 

are given in Table II.    !>•(> are preaented for two 

different bandwidths at 391'* I:    a 20-i bandwidth Is 

practical with the USL-5,    -in.,  flve-eleaent, 

quartz, 120° all-sky lens/ but a ainlisn bandwidth 

of l»3 I can be obtained at 5914 i with the older 

USL-2, a-in., four-elaatnt, glass, 165" all-aky 

lane7 which ««a uaad in the lightning study.17 

In attaa^tlng to differentiate between the 

lightning spectruB and the "weak" air-fluorescence 

spectn» of Fig. 1, any of the discriaination chan- 

nels would be effective.   The ratio» derived froai 

the alr-fluoreacence speetrvas are three tloes or 

aore larger than the aaxiaua obeerved ratios pro- 

duced by lightning.   Therefore, the dlscrlaination 

aystea would not mis identify the source, and the on- 

ly  raise triggering would be of the belcw-threahold 

type. 

HoMver, we must also consider the modified 

spectra of Table II aa representative of poeaibla 

alr-fluoreacence pulse» excited by nuclear-exploslr» 

x rays.    In general, the detectIon-channel to die- 

crlml nation-channel ratios of theae pulses are 

shifted toMurl the lower values of lightning.    In 

■any caaea, thare is considerable overlap of the 

diatrlbutiona of lightning and air-fluorescence ra- 

tios.   Therefore, a nuswer of sourca-alsidentlflca- 

tior. false triggers will be produced If diacrlmlnatlon 

U 



chAnntl« »re UMd la «blch overlap occuri. 

In particular,  «t  two of the Äl»crimination 

cMnotl waralenrth»,  th«  «pectr«l-lrr»dlaoce ratio 

producad by one of the nueLaar-axploalon alr-fluo- 

raacanc« pulaaa   :»■ undarXlnad) la Inairtlngulahabl« 

frca that produced by lightning.    At klkO A,  lUht- 

nlag la Indiattr^ulahable  froa the apactrui derired 

fro* BluaglU; at 6963 Ä, fro« Starflah.   It la 

therefore l«po»»lble to cooatruet a dlaerlalaatloD 

ayataa baaad or »pactral difference» b«tiM«n W* 

and klkO i that vould properly Identify a BluaglU- 

llka «pectn«, or an« u»liig 591i» and 6963 l that 

would proparly identify Starflah. 

At the other two dlacrlBlnatlon-chaaoctl wava- 

lengtha, 4950 and $000 i, mort air-fluoraaceoce aod 

llghtnliw-pulae apectral-lntenalty ratios «re dis- 

crete.    For '♦950-1 dlacrlmlnatlon In conjunctloo 

with a 20.JUvide 591 "»-i detection channel, aU alr- 

n toreicence-pulae ratios are 2 6.3 and all llght- 

□Ine-pulae ratios are a !».$.   Thus, a dlscrUdnatlon 

■yttea that Is free trtm aource-olsldentlflcatlon 

raise trlfigerlr« can be realized.    For kfjO-l dls- 

crlninatlon In conjunction with the '»J-i-wid«, 

Wl^-i detection channel of the 2-ln.-lens system, 

and for 9000-1 dlacrlslnatlon for either detection 

system, a email degree of overlap exists between alr- 

flnorescenee and ll«htnlng-r«tlo distributions. 

This overlap will cause a fraction of the Incident 

lUhtnlog alfinala to be mlaldentlfled if the dis- 

crimination aystem la adjusted to Identify all the 

Table II »Ir-fluorescence pulses correctly. 

-e will show later that the uae of the 5-ln. 

lens with 591'»-i detection and It990-jl dlscrlmlnatloe 

prodjees very few falae triggers and so defines a 

hl«hly effective ll«htnln«-dlecrlmlnatli« detection 
system. 

rv.   DETCCTO« arasmviw* 

The sensitivity of a radloaeter is best des- 

cribed here by the mlhlrrjc Incident signals It can 

detect.   Far a monoe.a-cnatic source such as the 

99ll»-l Mt IM (0,0) feature, the minima-detectable 

signal must be expressed aa an Irradlance, 

h  (W cm-4).    For continuum sources such as lightning 

at 591'«, "IW, and 1*950 i, It must be expressed as a 

spectral Irradlance, «^(W cm"* i"1).   This latter 

term Is alao used to represent the mlnlaua-detect- 

able signal for a monaehroHatlc plus continuum 

source, for which the signal Is axpreseed as an 

average spectral Irradlance over a given bandwidth. 

Examples of this type of source are the two light- 

ning emissions at 5000 and 6563 i. 

In the presence of background radiation, with 

spectral radiance (^(W cm"* er"1 I'1), the sensitiv- 

Ity of a radlcMter Is limited by the statistical 

fluctuations of the background-produced photoelec- 

tron beam of the photomultlpller.    The photoelectron 

beam current, i.e., the cathode current, can be 

written 

^    -   »b 0 A# 8 To AX  (A*))    , 

where 0 Is the solid angle (ar) subtended by the 

radlcoeter's field of view, A IS the entrance pupil 

area (cm8) of the radiometer, S Is the sensitivity 

(Amp W-1) of the photocathode, T0 la the transalt- 

tance of the lens and Interference filter assembly 

at Its peak wavelength, and AX Is the spectral band- 

width (A) of the sssenMy. The rms noise current, 

1 , present on this cathode currant wlthlr. the elec- 

trical bandwidth, &r (Hs), of the amplifiers. Is 

ln ' (2*&f 0 lj*      (A"p)  ' 
where e Is the electron charge  (Coul). 

The mini ■■-detectable signal must produce a 

peak currant, 1 , that Is k turns the noise current, 

1  .   The factor k Is the sl«nal-to-nolse ratio and n 
auat be ~ 5 for reliable operation. 

For a aonochraaatlc source of alnlirum-detect- 

able Irradlance, h , we can write 

»a   "   * ln   " h. Ae 8 To (Amp) 

•We foil»» Donahue s derivation of all-sky-detect or 
sensitivity given in Reference 5) our nomenclature, 
however, la that endorsed recently by the Ncaencla- 
ture Coaalttee of the Optical Society of Awlea.* 

2 e ftf It  n &X \ 
 -^   ) (W cm" A'»)    . 

*eSTo       } 

Thua, the mlnlmw-datectabla irradlaoca, h , becomss 
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Iftrgar,  i.e., UM d*t«ctar Mitaltlvlty dccrMMi, 

for IncrMMt of •l*etrle»l aod apactrkl bandvldtha 

•nd of solid ancle and jacksround radlanc«, and for 

decrMMi of •ntraoce-pupll are«, cathode aanaltlv- 

Ity, and tranMittaaee of the optic«. 

Vor a contlnw source of ■InIiw-detectable 

epectral Imdlaoee, H , we find 

l.   "   k S.   ■   "« A. 3 To ^  ^) 

V» 
 2-   ) (V cm-* i-1 

A, S To il / 

In tnl» case, the detector becooes nape aeniHlve ae 

the epectral bandwidth Increaet-i) the dependence of 

eentltlvlty on all the other paraoeters reaalns aa 

above. 

We have used the paraarter value« given in 

Table III to derive detector eemitivitlee for thle 

evaluation.   The paraoeteri given represent the beet 

available and aoat euitable optical conponente at 

each wavelength.   The daylight radiance, It, is con- 

■ervatively aseuned to be independent of wavelength. 

The actual decreaae of II   with iacreaaing navelength 

which occurs when the daylight eky ir r»l*tiv»lv 

clear enhances discriAlnation effectiveness, becauee 

all discrialnat loo-channel background-llght noise 

signals decraaee relative to W« i.   The backKround 

radiance at night can be — 1 ' tlass nailer tnan 

during daylight, but It still raaalns the prijaary 

noise source in properly-de signed radloaeters. 

The sensitivities of the ?- and  .-in. all-sky 

radlcntters to the N* IN (0,0)  (5911»-!) radiatloD of 
air fluorescence are represented by the alnlBun-de- 

tectable irradianees at 5911'  '•    Froa the approprlat« 

paraoeters of Table III, ws find that for daylight 

operation: 

h^ f2.1n.) -   1.0 x 10- 

hu (5-ln.)   -   7.5 x lO"* w 

These values of h   are related to the jaxlmuB 

Table III.    Kadio^ter- -«nsitlvity  Paraaeters 

UUM        

nu?aaet«r Two-Inch 

5 

Flwe-Inch Units 

31gnal-to-nolee 
ratio, k 

Electrical band- 
width, if ö 2 kMt 

Solid angle«, (J k.3 2^5 sr 

Entrance pupil 

Riotocathode 
eensltlvlty, S 

591'» k 

~ 5000 i 
656? i 

Optics and filter 
tranamlsslon, T * 

5911» Jl 
klkO i 

~ 5000 X 
6565 I 

Spectral band- 
width, AX» 

591'» J 
klkO \ 
"»950 1 
5000 1 
6565 I 

Spectral radiance 
of laekground, N. 

day 
night 

0.12 

0.060 
0.065 
0.055 
0.020 

1.- 

0.060 
O.O65 
0.055 
o.oao 

Aap W-1 

0.1T 0.16 
0.85 0.22 
0.35 0.31 
O.56 0.32 

«»5 
220 

50 
70 

io- 
io- IS 

Ml 
220 
20 
20 

10-° wca-'sr-1^-1 

10-" 

■These data have been nsasure<i and are presented io 
Reference 7. 

distance, R(ka), frcn the earth at which a noadnal 

nuclear expiufiion of x-ray yield Yx  (fcllotoos) can 

be detected.    Bennett's calculations1* can be ueed 

to Infer the ground-level 591^-i Irradlaoce, h,  rtcm 

this nuclear explosion.    If the efficiency of 

»2 IN  (0,0) production la Q.if* and the ataoapherlc 

transadssion is 0.6, 

300 T 
h    - C- M 

(For a 1-kt explosion at a distance of IO9 las, the 

predicted 591^-1 irradiance is thus 5 » 10'* W as-*.) 

n 



If ttw vaXuBi of h    given above «re used  In this 

expreislon, the ay (tea detection mngea, R, are: 

R  (2.ln.)    -    5.5 >c 10* v^    (tai) 

Table IV.    Senaltlvltles of Radloaetera to CcotlnuuM 
RadUtlon Relative to 59> I 

and 

R  (5-ln.)    -   2.0 xlO9^    (ka) 

At nl«ht, the background speetml mdlance de- 

creaeea by a factor of ~ 10^; the alnlmai-detectable 

Irmdlance deereaMS by a  factor of ~ 103; and the 

nucXear-detectlon rer^e Increaae« by • factor of 

~ )0.   The ■ttl— locreaae of aenaltlvlty occurs on 

■oonleas nighta. 

In the derlvstlona of falae-trlggerlng rates, 

Mi will need for each of the two detectors: 

1. the olnlma-detectable spectral Irradlance, 

H_> for a contlmnaa aource at ' n1» k,  and ■ 
2. the «Inlauai-detectable spectral Irradlance 

Tor a continuum source at each of the  llacrlalna- 

tlon Miveleitfths, relative to that at  ' U1-  I. 

FYOB the paraatters of Table III, we find that 

the  vn^-i atot— detectable spectral Irradlancea 

for daylight operation are: 

H^ (2.1a.)    -   2.5 x 10-* W cm-* I 

MB (S-la.)    -   3.8 * 10-10 w em-' i'1      . 

At night, these values decrease by a factor of ~ 109. 

To obtain the sensitivity of one detector at 

w/elength \l relative to another at X^, «« take the 

Inverse of the ratio of their alnlmuir.-detectal le 

spectral Irradlancea. 

9fVo)T0(^) AKVo) 

!/• 

Detector sensitivities at the dlscrlaloatlon «ave> 

ler^tn«, relative to ^ •  "f-lk I, are given In Table 

iv.    The values presented for the two lenses are 

ncnallted eeparately. 

There Is a strong Increase of relative sensitiv- 

Ity with Increasing bandwidth, aa cos^arlaon of nar- 

Wavelength,  jl 

yn*   »i'to   »gy   ?ooo   6563 

Two-iaeh Lsns 

Bandwidth, i «»3   l»5   2» 50 ro 
Sensitivity 1.0   1.21»  2.96 

Five-Inch Lsns 

1.42 1.06 

Bandwidth, i 20   1*0   220 20 20 

Sensitivity 1.0   1.75  M7 1.32 0.83 

row and broad channsls near 5000 I shows.    This In- 

creaae Is caused by the fact, discussed earlier, 

that the Incident spectrua, which Is a contlnuuc, 

contains aore energy In a broad bandwidth than In a 
narrow one. 

There are line radlatlona, as Mil as a contin- 

uum, present In lightning emissions In «cne of trie 

spectral chanoela ahown in Table IV.1   The relative 

sensitivities given aasuae, however, that the  loci- 

dent spectrum is a continuum or Its equivalent, 

I.e., that contributions froai line radiations are 

treated as  If they were spread over the entire caod- 

wldth of the radlcaeter.    Thus, the strong rn-ll;.» 

radiation at 6563 k and the Nil rauiatlon at 5000 i 

must be spread over broad baodwldths In the 2-ln.- 

lens system and much oarrowsr ones In the    -In.  sys- 

ten.   The effects of the line radiations relative to 

the continuum radiations also present will thus b« 

different In the two systesis.    We will use different 

source Intensities for the two systesu, at 5000 and 

6563 i, to express this difference.    Radiation in 

the Ulbo-i channel la prüaarlly contlnuiDs and so Is 

unaffected by differences of epectral bandwidth. 

V.    CALCUIATIOM OT KALS-TRIOGOaiC RATES 

The evaluation of the four propoeed discrimina- 

tion channels for the detection system designs based 

on 2- and 5*ln. lenses must Include the effects of 

the foilowl 1« variables:    detector parameters and 

background radiation which affect detector sensitiv- 

ities, llghtnli^ emissions, air-fluorescence eols- 

slons, and ataospherlc-transmlsslon parameters. 

Early attempts to evaluate discrimination capabilities1 

Ik 
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Indicated that It «•• nece»Mtry to consider kU. tlM 

vnrUbles nnd ttmlr vnrUtlona ■Uultaiwousljr»    We 

therefore developed • calculation to i,rMlct etatls- 

tlcaUy, on th* basis of all the variables, the nua- 

ber of fltlse triggers of a detection systM that 

would be produced by llghtnlr« If each of the dls- 

crlmlnatlon channels were used.   The calculation 

provides a asans to coapare accurately the ll«ht- 

nlng-dlscrlalnatlon capability of the various chan- 

nels.    In addition. It gives an estlaate of tue ac- 

tual rates at which lightning will produce fklse 
triggers. 

A.    Variables that Affect the False-Triggering Bate 

1.    Detector ftrajeters.    The only detector 

pnraorter we have not discussed Is the dlscrlalna- 

tloo ratio.  I.e., that ratio of detection to .11»- 

crlolnatlon-channel signals at which the source 

Identification changes.    If spectra similar to the 

alr^fluoresceuce spectrun of Fig. 1 are to be dif- 

ferentiated fro« llghtnli« spectra, a 391l»-l-to-dls- 

clulnatIon-channel ratio of lü will effectively sep- 

arate the two distributions of signals for each of 

tl« dlscrlalnatlon channels.    Therefore, the primary 

calculations of false-triggering rates v*r* based on 

this ratio of 10.   The variations of false-trigger- 

ing rates were also Investigated as the ratio de- 

creased  fror 10, to account for nuclear explosions 

that deposit large energy densities in the atmos- 
phere. 

?.    Lightning Emissions.    The emissions of 

11,,i   ilng have been discussed in the first three 

volu.       of this report.1*3    we require,  first, the 

distribution function of spectral intensities emit- 

ted at  W»  i by lightning as determined  froei the 

colllflKted-detector data and presented in Volume 11.* 

In sunamry, lightning emits W«-* spectral Intensl- 

.les of 3 x 10" to 10T W sr"1 kmX, with a most prob- 
able value of ~ 10* W I'1. 

We also require distribution functions of ratios 

of spastral intensity emitted by lightning at 3911» I 

to spectral intensities In the discrimination-chan- 

nel passbaods.    These functions have been derived as 

follows. 

(a)    39ii».|/l»ll>0-t ratio,    for the 2-in.-lens 

system, the 391'»-&Al>0-l distribution function 
was generated from all-sfcy detector data.    Wing 

has shown that the distribution of ratios Is "lo«- 

normal," 1.«., that the logarithms of thm ratios 

have a "normal," Gaussian distribution.   The aver- 

age ratio is 1.2} the average deviation, 1 ^5♦•i• 

For the 3-ln>-lens systmm, w« uaad the 591l«-iy 

klkO-i distribution function geiwratmd with colll- 

aatad-detector results.    Both coll lasted-detector 

bandvldths for this ratio ««ere ~ 20 1, and the 

distribution function Is broader than that gener- 

ated from the broader-band all-aky-detector data. 

This disparity of distributions Is probably cauaed 

by the expected greater fluctuations of the light- 

ning spectrua as the passband becoaas narrower, 

we use the d'strlbution function that will lead to 

the higher predicted false-triggering rate.   Re- 

cently reduced results have been added to the data 

presented in Voluae II ,s giving an average 391>-i/ 

klkO-i ratio of 1.03 i *o*. 

(b) 391'»-iA930-i ratio.    For both systems, 

the 39l'»-llA930-Jl distribution function was gener- 

ated frcD a relatively poor sample of all-sl^^la- 

tector data, recoaMed by Awato with a ^IS-i, 

IT-t-l-bandwldth, 2-ln.-len« detector.i/    The dis- 

tribution used Is "log-normal," with an average 

ratio18 of 1.2 t Söfl.»   To be conaervatlve, we 

have added uncertainty to the distribution ty using 

an average deviation twice that given by the data. 

Anato also used a similar radloaeter centered at 

k&JO 1 durli« the 19^5 lightning study."    Consider- 

ing the effects of an apparent sensitivity change 

of that detector during daylight, his 1^3 results 

and the ! '     average ratios used here are In ex- 

cellent agreement. 

(c) 391l»-)l/3O00-)l ratio.    No narrow-passband 

radloaeters were operated at 3000 I during any of 

the lightning studies because the possible value 

of this spectral fmature for discrimination MS 

first recognized by Connor during the analysis of 

the slitless spectra taken In 19&3«1   The present 

treatment is an extension of his dltcusslon of 

discrimination in the context of a more quantita- 

tive calculation.    Our lacs of detailed Knowledge 

•Fir this sanple, to be conservative, we have used 
star*-'«'« data whicn ware rejected In the presenta- 
tion of VOIUK III.   They represent a substantial 
fraction of the 1963 data sample, and modify the 
ratio distribution so as to Increase the predicted 
false triggering rate. 
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of toe vwUblllty of to« WlA-l/SWO-i mtlo, 

howBver, Ms forced ua to be caoaerv«ttve In our 

••tlMtte of to« dlitrlbutlOB functloc, and «o we 

-»,  uDderaetlmt« to« •ff^etlvwnea« of 5000 i for 

dlacrlxlnatlan.    our fkla* triggering retee far 

9000-i dlecrlalnetlan therefore eppraoclaete «n up- 
per limit, to tooee toet would be predicted with 

proper Input date. 

Connor tee generated average ratio« and their 

dletrlbutlon fuoetlon« froa 30 return-etroke «Xlt*0 

and «lltl«««1 «pectra.    for 20-Jl-vlde «pactral 

channel«, repreaentatlve of the ■ -iL.-lens g>«tem/ 

ne find« toe Wl^-i/SOOO-i ratio to be 0.5 * 25*. 

We have ueed, Ini^ead, a log-noraal distribution 

vlto an average ratio of 0.67 and an average devi- 

ation of t kO%.   The average ratio ua« Increased 

to 0.6 7 because other type« of lightning phenoa- 

ena, such a« cloud pulses, are not represented 

aaong toe «pectrograph data.   These phenooana are 

probably M—IT pulse« and aay have a lower degree 

of lontxatlon than return stroKas.    If so, to« 

5000-1 NU feature would be considerably w«aXar, 

relative to 5914 i, than the return-stroke average. 

We substantlate this argvoent as follows.    Cuutln- 

ulng currents are weak phenonena for which spectra 

were obtained; they show weaker RII 5000-1 radia- 

tion than do higher-current return strokes.1    We 

feel that the ratio of 0.67 Is a conservative 

average of 591'»-i/5O00-i ratios for 20-1 band- 

width« froa a data sample Including all lightning 

phenosana.    The average deviation of * kO% of toe 

average ratio Is typical of average deviations de- 

rived froa toe colllaated-detector data for other 

wavelengths and 30-i bandwldths. 

For a 50-i-wtde channel at 5000 i and a l»5-|- 

wlde channel at J^ i, representative of a 2-ln.- 

lens system,7 toe 5000-Jl line contribution must be 

reduced, thereby Increasing toe 591l»-i/5000-i ra- 

tio.   The contlnuua level at this point on the 

epectn« Is known, relative to 591'» I,  tram the 

591i»-iA915-Ä data discussed above.    We have used 

an average 591'*-i/5000-i ratio of 1.0 t <*<#, where 

the average deviation Is again kO%, 

li)    yn^-^^-l ratio.    Far the 20-i-width 

channels of toe 5-la.-lens systea. Mi have ueed 

toe distribution function derived frca colltaatod- 

detector data and presented In voiuae II.'   The 

average 5914-1/6563-i ratio Is 0.lt7, Its average 

devUtlon Is t 40*. 

For toe 70-i-vlde 6565-i channel of toe 2-ln.- 

lens systea,7 toe 6565-Jl Ma line contribution Is 

«aller t   .u that for a 20-Ji-wlde channel.   The 

?91l»-r   .565-1 ratio derived frot the all-sky-de- 

tector lightning results cannot be used, owing to 
a filter laperfectlon.3   We have ueed a conserva- 

tive average 59l4-i/6565-i ratio of 0.8? 1 M)* 

with a "log-nonal'' distribution. 

5.    Ataospherlc Transmission.   To predict false- 

triggering rates of an all-sky detection system, we 

must know hew toe spectral Irradlance, H, at the de- 

tector depends on the spectral Intensity, I, emitted 

by llghtnlt^i as a function of distance, x, and wave- 

length, X«    We have presented this subject In Volume 

III3 of this series; the cooeluslons are susnarlzed 

belor. 

Five factor« Influence toe distance dependence 

of «Ignals detected by an all-sky radlcnete-- at any 

wavelength. 

(a) The Inverse-square law decreases the detec- 

ted Irradlance with Increasing distance by a factor 

of x-*. 

(b) Atmospheric scattering and losses through 

the top and bottoa of toe atmosphere decrease the 

detected irradlance approxlately exponentially 

with distance by a factor of «xpC-u^**)» where 

Sff 1« «n effective exttnctloo coefficient  (ka*1). 

(c) The final scattering Into the all-sky de- 

tector's entrance pupil la proportional In strsogtr. 

to the scattering coefficient, ^  (ka'1), above the 

detector,  In the absence of cloud a. 

(d) Clouda above the all-aky detectors can add 

strong scattered signals, relative to atmospnerlc 

voluae scattering.    We have used a variable factor 
to account for (c) and   J  , as discussed below. 

(e) The measured irradlance depends on the all- 

sky detector's field of view by a factor of g which 

represents the fraction of Incident scattered ll£ht 

collected. Thus, for a "spherical," unlfomly res- 

ponsive detector, g • 1. 

The distance dependence of the spectrua detected 

by an all-aky detection system, relative to 591<» », 

Is no* affected by the inverse-square law, whlcn 
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operates equally at all Mvelengths.    If all the ir- 

tectora «re of tiie aaae type, their fleld-of-vlew 

factorn are also equal.    The ■odiricatiana of the 

relative spectrum are thus caused only by ataospherlc 

scattertnc, and lie iiet««en ti>e follovlng extreaes. 

In a dense atmosphere with visibility of ?    km 

or less, the detected relative spectrun does not 

differ  frcm tue emitted  spectrum, to a good approxi- 

mation. 

In a clear atmosphere In which the visibility 

is -. 100 an or (irester, tue relative spectrum may be 

modified as follows.   Kor source-tonletectar dis- 

tances of JtO Km or less, tae spectrum recorded by an 

aU-s/;  detector of 120° or I650  field of view is 

stronger In ttie blue than the source spectrum be- 

cause blue light scatters more strot^sly Into the de- 

tector's entrance pupil than does red light.    This 

ennanceoent can oe as much as a factor of 2 for }91.b 

vs 6565 i.    Vor distances of 60 urn or greater the 

red end of the spectrum is enhanced   0 v as much as a 

factor of 3 at 100 tail at 6565 1 relative to 591I» 1. 

This red enhancement Is caused by a loss of blue 

light, by  scattering, over the lor« path to the de- 

tector,   '..le change from blue to red enhancement oc- 

curs, and the detected  spectrum is the same as the 

source spectrum, at about $0 km. 

Clouds rwer the shorter source-to-detector 

scattering paths minimize tne blue enhancement of 

tne relative spectnan owing to tne large contribu- 

tion at all wavelengths of light scattered at the 

lower cloud surface.   The red enhancement at larger 

distances may occur with clouds over the detector if 

most of the light-propagation path is through a 

clear atmosphere. 

We have derived the following values of the pa- 

rameters u  .. and g for all-sKy detectors. 

(a)    The effective extinction coefficient, 

u  _.,  is invariably less than the atmospheric ex- 

tinction coefficient, u«   Thus, the all-sky detec- 

tor signal 1 at all wavelengths decrease more slow- 

ly with increasing distance than the direct-path 

distance dependence of ex^-ux),  owlj« to the 

stronger scattered light incident fron sources at 

greater distances. 

The relationahip between M.ff »«1 a cannot be 
derived precisely fron available data.    We know 

froa preliminary calculations that u .. varies 

fro* ~ O.J u for M - 0*0' k**1 (> lOO-ns vlalbll- 

ity) to ~ 0.25 M for u - 0«2 l""1  (20-im vlalbll- 
ity).    We infer froa the laen of 11 stance depend- 

ence of the relative spectnas for denae atmos- 

pheres that M rf 1" approxlaately independent of 

wavelength for M > 0.15 km*1. 

(b) The fieId-of-view ffcctor, g, la approxi- 

■mtely equal to Q/2v, where 0 la the solid angle 

subtended by the detector's field of view. 

At 591'«  k, the reUtlon betWMO the emitted 

spectral Intensity I   (W sr*1 A"1) and the detected 

irradianee H(x)   rw cm-2 kml) at  Ustance x  (trn) In 

the abaence of clouds Is approxlmtely 

H(x) ?   10«>1 §-(.'**•«'/«■)    . 

The factor of 1010 Is required by the different 

units of H and x. 

To account approodmately for the varlatlac froa 

a clear, cloudless atmosphere through a denser, 

clouded one, we have multiplied H(x) by a factor, k, 

which wies froa 0.^ to 2.   The Hmller values rep- 

resent a clear atmosphere In which H(x) is propor- 

tlcoal to u .    The larger values are valid when 

clouds are present over the detector. 

B. Calculation Method 

The false-triggering rate for a given pair of 

detectors under given atmospheric conditions Is cal- 

culated as follows. 

1. A lightning pulse is assumed to occur at a 

dletance, x,  froa the detector. 

2. A small mtge of 591^-A spectral intensi- 

ties,  say,  I to I ♦ ,M ,  is assumed  for this pulse. 

I must fall between 5 x 10* and 10T W sr"1 l'x, 

where lightning is known to radiate.2   The probabil- 

ity, AP(I), that the spectral intensity is between I 

and I ♦ &I is given by the distribution function* 

ÖF(1)    -    [df/ddog I)] AI/I      . 

S    Tnis pulse can be detected by the J91i'-i 

detector if Its Intensity, I, produces a spectral 

Irradlnnce, H, at the detector that Is larger than 

its mlnlmum-detectalle spectral Irradlance, H  .    H 
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1* e»leul«t«d rrrm I »nd ttm propa««tlon aichaDlna 

•nd 1« ctaqmrvi with Hn. 

k.    If ttw pulM can b« d«t*et«d «t 591'» i, U 

can alao produce a falM trigger.    WhetJ sr It doe» 

■o depend! on tr.e relative etrenstta of the dlecrlal- 

n«tIon-channel   epectt^l  Intensity. 

(a) If the 11»crimination-channel  apectral In- 

tenalty radiated la eo law that the signal at the 

detector 1» below it» Blnlma-detectable spectral 

Irradlance, H  ', a "belaw-thi«ahold" false trigger 

occur*«   The Halting dlscrlalaatlao-chanDtl spec- 

tral Intensity, I   ', can be calculated fr n H  ' a ■ 
and propagation aechanlsM, and the ratio 

R,, - l/l^' can be far«Bd. 

(b) If the dlserlminatlan-chanoel spectral in- 

tensity radiated is so low that the ratio of 

591^-1 to dlscrlAinatlon-channel spectral Irradl- 

ances at the detector Is greater than the dlscrla- 

Inatlon ratio, R  , that define» lightning vs air- 

fluorescence Identification, a source alsldentl- 

flcatlon false trigger occurs.    The limiting spec- 
tral-Intensity ratio, R  , at the source can be 

calculated frcx R    and propagation aeehanlnw. 

5. If the pulse has a ynk-l to discrimina- 

tion-channel spectral Intensity ratio greater than 

either R    or R  , a false trigger of one type or the 

other occurs.    The probability of this false trigger 

Is the product of a) the probability that the pulse 

has a 591l»-i spectral Irradlance In the Interval 

(I, I ♦ 41), and b) the probability that the ratio 

Is greater than either H    or R  , which can be ob- 

lained  from the appropriate spectral-lntenslty-ratlo 

distribution function. 

6. The calculatloD, at distance, x, 1» per- 

lormed for all values of I radiated ty lightning. 

The probabilities are ■ inn» 1.    This calculation 

gives for a stroke that occurs a horizontal dis- 

tance, x, from the detectors the probability that It 

can be detected at 3911» l and the probability that 

It will produce a false trigger. 

7»   The calculation Is repeated for all dis- 

tances, x,  rron 1 km to a distance so great that no 

lightning pulse can be detected.    The results at 

each distance are weighted as though one lightning 

stroke occur» on every square miooeter, and they 

for all distance*. 

8.   The calculation outputs are a) the number 

of poises detected at 3914 1, and b) the number of 

falee triggers received, assuming that, on the aver- 

aca, one lightning stroke has occurred on every 

square kiloneter naeur the detection station.    Also 

retained In the calculation outputs Is c) the de- 

pendence of each of the probabilities oo distance, 

x. 

9*   The false-triggering rates per storm can - e 

eetiaated by aaalgnlng ~ 10* pulse to each storm. 

This valva* represent* an active storm of 300 fla*he* 

with an average of 20 pulses each.    As an example, 

for a given set of conditions. If lightning can be 

detected to a marl mi distance of 36 km, the number 

of pulses assumed by the calculation at the rate of 

ooe per square kilometer would be -. 1 x 10*, repre- 

senting one storm spread uniformly throughout the 

36-km radius. 

C.    Results 

We first present predicted false-triggering 

rates for typical daylight and night conditions. 

Theae results are adequate for evaluating the rela- 

tive merits of the four discrimination channels for 

a given detection-system design and  for cooparlng 

the two designs.    We then discus» to what extent the 

relative evaluation and the predicted  fal»e-trigger- 

ine, rate» depend on input parameters, and so define 

the errors of the evaluation method. 

1.   Typical Coalition».    Our primary circula- 

tions have been mad* under the following atmospheric 

conditions.   The effective extinction coefficient 

was O.O60 km'1 which represents a relatively dense 

atmosphere at Los Alamos altitude but a typical one 

at sea level.    The factor, g,   (see Part A 3) was 0.6 

for the 16V , 2-ln.-lens system and 0.3 for the 120°, 

3-ln.-l«n* eyrtea.   The cloud factor,  k, wa» a**umed 

to be 1.0.   The relative spectrum detected by the 

two detection systems was assiaaed to be Independent 

of distance.   These Inputs represent typical atmos- 

pheric conditions a» derived froa data of the 1963 

lightning study.3 

The primary result» are baaed on the u*e of a 

-11 »crimination ratio of 10 a» the   llvlslon between 

air fluorescence  (higher ratios) and lightning. 

With this value, all false trlggerlr« Is caused by 

below-threshold signal» Incident at the discrimina- 

tion wavelength. 
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Tkblc V.    FklM irlggan Ckuaed by On« LLgt.tr.l'* PulM per Squur« KUonster 

System 
Uen» Tin» 

D«t«ctlan 
LUhtnlne 
Datectlaa 
hantr/ Im 

Two-Inch i*y 5.5 x lO4^ 1^ 

Night 1.7 x 10" v^ UO 

Klve-tnch Hay 2.0 x 10'^ 60 

Nl«ht 6.0 x l(fl vT 126 

PulM* 

»t Wlk j 

500 

io,y» 

1250 

16,000 

FtlM Trl^ert 

kxkol '♦950 1 5000 A 6^4 

* 0.19 ilk 25 

UOO 1.9 ~ IkQ 2^- 

se 0.01 i6 22 

190 0.05 ije U3 

The output« of the calculation for these ataoc- 

pherlc conditions are given In Table V, aaaumliig one 

pulae per square klloneter.    This calculation pre- 

dicts fractional false triggers,  owing to the way 

the probabilities are conputed. 

(a) Two-lnch-len« system, daylight.    Of the 

6650 pulses produced within the llghti.'.n,  detec- 

tion range of k6 kn, 500 are detected by the 

' n--i detector.   This aaall fraction is a conse- 

quence of the rapid decrease of the probability 

that an emitted pulse can be detected as the 

source-to-detector distance increases.    About sev- 

en percent of the pulses detected produce false 

triggering if 1*1*0 Ä is used for discrimination. 

This rate is larger than that predicted by tne 

196; aualysls" because of the Incorporation of be- 

low-thresi.old false triggering.    The 6565- and 

5000-& channels are factors of 1.6 and > 2.7 bet- 

ter for discrimination than '»I'tO i, respectively. 

The 220-l-wlde channel at 1»950 I is ~ 200 times 

oetter than UlUO I for discrimination.   The im- 

provenent represent» the decrease of below-thresh- 

old false triggering when a broad, continuiaa-sens- 

ing discrimination channel replaces s narrower one. 

(b) Two-inch-lens »yjtem,  night«    At night the 

nuclear-explosion detection range increases - 30 

timesi the matter of lightning pulses detected at 

591'* i increases - 20 times^ and false triggers 

increase ~ 10 tines. 

(e)    Flve-lnch-lens system, daylight.   The 5-ln. 

system has — 3*5 times greater nuclear-explosion 

daylight detection range than the 2-ln. system and 

it detects 2.5 tinss as many lightning pulses at 

591'» i.    However, there is less false triggering. 

These characteristics are caused by the larger en- 

trance pupil and narrcMsr 591'«-i passband of the 

5-lo. lens7 which increase the aenaltlvlty to the 

narrow bandwidth Nc (0,0)  (591^-Jl) ealsalon of air 

fluoraacence but decrease sensitivity to the 

lightning coctinuuB.   There is a factor of ~ U 

decrease in fai.^e triggering relative to kiko and 

6563 i if a ao-l -^and at 5000 1 is uaad for the 

discrlalnatlon channel.   This substantiates Con- 

nor's preliminary corclusion of Volums I.1    How- 

ever, there io a much larger impr rvenent of dis- 

crimination capability with the 220-i-banlwldtn 

channel at 4950 i:     false triggering is ~ JOOO 

tijaes less than with 41l«0-l discrimlnatioa.    We 

limit the predictions at 4950 \ for the 5-ln. sys- 

tem to order-of-fflagnitude estiiastes, as will be 
discussed later. 

(d)    Flve-lnch-lens system, ni^ht.    At night, 

the nuclear-exploslon-detectioc range, the number 

of pulses detected at 5911« i, and the nusfcer of 
false triggers increase by factors of - JO, ~ 13, 
and — 6,  respectively. 

2.    Eetimate of Actual False-Triggering Rates. 

The actual rates at which false triggers will be re- 

ceived can be estimated by Multiplying the calcula- 

tion results for typical atmospheric coodltloos, 

which ansuae one lightning pulne per square Kilame- 

tcr, by an estinate of the actual number of pulses 

per detected storm that fall on that square Kiluoe- 
ter. 

The maximuB distance fVom which lightning can 

be detected  in daylight is ~ 60 km for the 5-ln. 

system.    The area within this "detection range" cir- 

cle is 1.13 x 10* ka8.    Thus, the rate of 1 pulse/km* 

used in the calculation is approxinately equivalent 

to one active storm averaged in its effect over the 
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T*i 1<   VI.    :rftr:.. PklM-Trl^gerli« Rmt»» of Datectlon Syrteaa 

rola« Trl«er» 
3y»ten 

L«ns Tine 

Honlnal 
Detection 
Range, to 

PUlMS 

rwo-incn D»y 5^ x 10* v^ 5000 

Nl„ • 1.7 x 10" ^ 20,600 

;ou.i — 25,600 

Five-Inch D^ 8.0 x 10» v^ 12,500 

Nlgnt 6.0 x 10* ^ 58,000 

ToUl -- W»,500 

580 

800 

lift) 

260 

5Ö0 

660 

k990l ?oool 

1.9 < 1»»0 

5.8 <280 

5.7 < l»20 

0.1 <   60 

0.1 <   76 

0.2 <156 

65yj 
250 

1.80 

710 

2B0 

290 

510 

entire are« vlthln daylight detection rai«e of the 

detection atatlon.    The nuaber of faiee triggers 

«lv«n for daylight ■ensltlvlea It, therefore, vith> 

CH.t correction, the average maker of falee trigger« 

per daylight •^.cra. 

At night the detection rmn^e Increaaea to 

1?8 m for the 5-ln. syeteta, an area of ~ 5 x 10* «rP, 

The -i-.s i.-»- • nte of 1 pulse/ka* produces a total 

i-.T of pulees equivalent to five active •tormt. 

Tuua, the nunber« of pulees given In Table V for 

nlgnt storms sr.ould be oultlplled by 0.8 to give tne 

pcr-etora false-triggering rate. 

Let us consider a detection station at a site 

that records an average of 80 daylight storms vltnln 

detection range per year.    Storms vary In activity, 

and we assume tnat these 20 storms are equivalent to 

10 active storms that produce JO* pulses each.   This 

storm rate Is roughly equivalent to one-half the 

mte recorded at Los Alanos, where tne thunderstarm 

activity Is higher than the average for the rest of 

tr.e country. 31 

Malan shows that the probability per unit area 

of a night stcrm Is - 0.8 times the daylight proba- 

rlllty.*2    ilowever, the area over which lightning 

car. be detected Is ~ 5 time» larger at night than In 

daylight.   There fore, approoclmately equal numbers of 

storms are recorded durlr« day and night. 

The  niae triggers per year at our hypothetical 

detection site under typical conditions are given In 

Tajle VI.    For klfcO- and 6565-i discrimination there 

nre ~ 103 falee triggers per year.    An Improvement, 

of a factor of ~ I», to < 100 to 400 raise triggers 

per year, can be realised by use of 5000 1 for dis- 

crimination.    Howaver, the '»950-11 discrimination 

channel vlll pass — 6 falee triggers of a 2-ln.  sys- 

tem per year and approximately one falee trigger of 

a    -ir,. system per 5 years. 

j.    Dependence of Predictions or. f%raaeters 

(a)    Effective extinction coefficient^ u»    * 

have made false-triggering rate predictions for 

effective extinction coefficients, w, of O.OkO, 

0.080, 0.120, 0.80, and 0.40 JOE"1, assuming that 

the extinction coefficients are Independent of 

wavelength.   The numbers of pulses detected at 

5914 i, and the numbers of false trlggei« given 

above for ^ - 0.060 ns*1, must oe nultlplled by a 

factor of ~ 2 for u ■ O.OUO JOB*1 and by a lector 

of ~ 0.6 for u - 0.1S0 us*1.   These results are 

typical of atmospheric conditions for storas far- 

ther than 10 km frora tne detectors.    When the 

storm passes over the detector position, extinc- 

tion coefficients of 0.80 and 0.40 km*1 can be ap- 

plicable.    For these cases, the numbers of pulses 

detected at 5914 i with M ■ O.060 km'1 decrease by 

factors of 5 and 6, respectively, and the numbers 

of false triggers predicted decrease by approxi- 

mately the same factors. 

The relative numbers of false triggers,  for the 

two systems,  change by less than y>f as tne effec- 

tive extinction coefficient changes fron 0.040 to 

40 km'1. 

(b)    Cloud factor, K.    The cloud factor, k, has 

been varied in the calculations of falee-trlgger- 

lr* rate« to account for variations of scattering 
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iwchanlMu under different •taoapherlc eondltloni. 

LMTtter «-mi )•■'  Bean that the ■yatea la mart aan- 

altlve to lightning, ao that nore pulaea are de- 

tected -it ^9lk i and aare f*lae triggering oceura. 

Over the range 0.3 c k c 2, the nuabera of pulaaa 

detected at 5911» I and the nuafcers of predicted 

falae trigger» vary by t kOt.   The relative rates 

at which false triggering occurs when two dlacrl»- 

Inatlon channels or systems are coapared an   Inde- 

prndent of k. 

(c) l»»velength dependence of n«    Aa noted, the 

spectrum of llghtnlnt' fron a storm In an othervlae 

clear atooaphere can be modified In Ita propaga- 

tion to the detectors.    In a clear ataoaphera, the 

nunber» of pulses detected at 391'* X by both de- 

tection ay stems, and the falae triggering rates of 

til P-ln.-lens discrimination channels, are about 

twice thoae In the denser atmosphere.    PalM trig- 

gering of the Sin. system Increaaea by a factor 

of ~ ? at klkO H and a fHctor of 1.6 at 6563 \, 

and  Is relatively unaffected at "»950 and SOO i, 

(d) Dlscrlnlnatlon ratio.    The previous results 

hive been derived under the issunptlon that dif- 

ferentiation between lightning and laooratory alr- 

fluoreacence spectra was required.    However, we 

have ahowu that nuclear-exploslon-exclted alr- 

fluorescenee spectra can differ from the labora- 

tory spectrum, particularly In the nj IN  (0,0), 

391'»-!,  feature, when the energy deposited in the 

a^Doaphere Is large.   The discrimination system 

can Identify theae spectra properly only If the 

dlacrlmlnatlon ratios «re reduced  rrcm the  value 

of 10 aasuaed In the previous calculations.    When 

lower values of the dlscrlmlmtlon ratio are re- 

quired,  source-alsldentlfleatlon falae trlggerli« 

may be produced. 

To Inveatlgate the effecta of reduced dlacrljil- 

natlon ntlos, >« have made false-trlggerli^-rate 

calculations In which the dlacrlmlnatlon ratio was 

varied as a parameter.   The ealculatlcna w«re sAde 

for two ataoapherlc condltlone:    typical, denae 

atmoaphere and a clearer atmosphere.    Result» for 

1»1U0- and i»9^0-i discrimination are ahown In 

Fig. 2;   (a) and  fb) give results for the 2-ln.- 

lens syatem In typical and clear atmospheres, re- 

spectively, and  (c) and  (d) give similar results 

for the 5-ln.-lens system. 

ID the dense atmoaphare,  source mlsldentlfl- 

eatlona begin to Increase the false-triggering 

rat« as tn* dlacrlmlmtlan ratio bacosMs < 3.    For 

-aM3-i discrimination, a discrimination ratio of 

2.$ with tbt 2-ln. «yst«», and 3.3 vlth the ',-lc. 

system correctly Identifies all-«lr-fluareac«nce- 

pulaa apectra rxcept thoae derived from Blueglll, 

with less than a factor of 2 Increaaa of the falae 

trlggerli« rat« relative  to below-threshold   false 

triggering.    The biuaglll-derived spectra camnot 

be lde..tlfiad properly by an -rfective dlacrlmlna- 

tlon aystea baaed on felfcC I. 

For k9iO-i dlacrlalnatloo, a dlacrlmlnatlon 

ratio of 3.$ for the 2-ln. «yatem eorractly Iden- 

tlflaa all alr-fluoreacence pulaea, and, although 

th« fklae-triggering rat« 1« Incraaaed a factor of 

- 3 relative to belesf-threahold false triggering, 

^900-1 reaalna algnlflcantly better than other 

wvelengtha for dlacrlmlnatlon.   The increase in 

the false triggering rate of th« 3-ln. aystem froa 

source mlsldantlflcatlons occurs for a dlacrlmlna- 

tlon ratio that Is significantly lower than any 

produced by air-fluorescence pulaea.   Therefore, a 

dleerlminatlon ratio of 6 correctly Identifies all 

alr-fluoreacence aourcea and does not Increaa« the 

fkla«-triggering rat«. 

If »taoapherlc  scattering causes a blue en- 

hancement of the lightning spectrum, as may occur 

In clear ataoapheras,3 the dlacrlmlnatlon systems 

are more subject to source-mlsldentlflcatlon fBlse 

triggering beeaua« th« blue «nhancaaent effectlvelj 

shifts the llKj.tnli^ spectral Intenalty ratio« to- 

ward the ratio« of alr-fluoreacence pulses.    Fig- 

ures 2(b) and  (d) repreaeni. a clearer atmoephere 

than do (a) and  (e), with a blue enhancement and 

distance dependence of th« lightning spectna aa 

dlacusaed earlier.    Becauae the atmosphere la clear- 

er, and lightning can b» detected from larger dla- 

tancea, the balow-threaholi fklae-trlggerlng rate« 

of (b) and  (d) differ froa thoae of (a) and  (c). 

The Increaaea of false-triggering rates due to 

source mlsldentlflcatlons show the sane qualitative 

behavior aa thoM for the unmodified «pectnai.    For 

both  lens  system»,  UHtO-l f*lae  triggering  Increases 

by a factor of < 2 by source mlsldentlflcatlona, 

owing to the high b«low-threshold false-triggering 

ratea.   with l»930-l diacriminatlon, the 2-ln. aystem 
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falae-trlggerlng rate l-.-reaaea by a factor of $ 

but renaln« significantly better than that for 

other channels.   The ^-ln. nystem with a 1*950-1 

dlserlalnntlon ratio of ~ 6 Is not affected sig- 

nificantly by source-nlgl'l'Mrtlflcatlon false trig- 

gering, and can properly Identify all the air-flu- 

orescence pulses. 

palse-trlggerlng rates with 5000- and 6565-i 

discrimination behave alollarly to the I»llt0-| 

rate as the discrimination ratio Is decreased. 

The below-threshold false triggering rates of 

these systems are large enough that source-mls- 

Identlflcatlon false triggering Is relatively un- 

Inportant throughout the range of air-fluorescence 

pulse ratios, except for the specific case of 

Starfish for which effective dlscrlnlnatlon with 

6563 i is Impossible. 

(e)    jgU-lA^O-i distribution function.     The 

predictions of false-triggering rates for '♦950-i 

dlscrlolnatloc are at the limit of accuracy of the 

calculations.   These results are strongly Influ- 

encad by the ahape of the spectral-lntenslty-ratlo 

distribution function for Urge valuta of the 

391'»-iA950-Jl ratio.   A* w« noted earlier, the 

data sample Xaadlng to this distribution function 

ws limited.    Therafora, the predictions should ti 

consldarad as aa cgdar-or aagnlt.sla astlaate of 

tne false triggering produced whan %950 i  is uaad 

for discrimination. 

To evaluate the effect of variations la width 

of tne d 1st rib Äl an function, ws ha«« predicted 

false-triggering rates If the aaar, deviation of 

the 391'*-ü/'>950-i ratio distribution increases 

beyond  v 4, aa sf-.Twr. in Fig. 5.   The 'j-tn.-lens 

system Is particularly  sensitive to Incraaaaa of 

the mean deviation, the false-triggerli« predic- 

tion increases by a factor of alaost 10 for a aaan- 

devlatlon change frts y>4 to ■"•->%>    The discrimina- 

tion capability remain» substantially batter than 

that of any other channel even for a mean devia- 

tion as large as 5011, although we  feel that a mean 

deviation Larger than kof is extremely  improbable. 

Aa we have noted,  the mean deviation of ySf already 

rapreaants a doubling of the distribution width 

given by the data. 

(f)    '»950-A bandwidth.    To obtain «uctmun dis- 

crimination effectiveness when a continuum channel 

is used, the largest possible spectral bandwidth 

should be employed.    We havu derived the baudwldth 

of 220 I at l»950 I as the broadest band that can 

be fit bet^wen maxima of the air-fluorescence 

spectrum.    However,  in practice. It may be diffi- 

cult to "btaln satlafactory behavior of a radlone- 

ter that Is tub.laeted to the large background flux 

contained within a 280-1 bandwidth.18    It nay thus 

be nacesaary to limit the bandwidth to less than 

220 I.   This limitation wculd affect the detector 

sensitivity and, therefore, the false-triggering 
rate. 

We have calculated the mnbers of false trig- 

gers for i»950-A bandwidth» of from 220 to 100 I, 

as shown in Fig. k.    Within this range, and parti- 

cularly for bandwldths k 150 I, the discrimination 

efficiency of U950 l reamlns substantially better 

than that for other channels. 
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vi.   DisoRDcmncH or A LAKJE AREA, SOLTT-STAIT 

AIB-rUKKKäUIRLK DETBCTIOH SY9RM  (SSATDS) 

Recent ■tudiai have »hown that • large, broad- 

band army of Infrared-aeniltlve,  »olld-itate detec- 

tors can detect nuclear exploalona at distances 

about 10 tlaea greater than can the redicaeter eys- 

teas.   The detection aadlun Is fluorescence in the 

upper ataoephere of the entire first positive group 

of N».    These aysteas are also extreaely sensitive 

to UgbtnlAg« 

We have Investigated self-dlscrlaloatlon of a 

oolld-etate array by man» of spectral  Isolation In- 

to two bands vlthln the Infrared and cosparlson of 

the signals In thaae bands-    As Doeahus has shown,s 

spectral differences between air-riuor»scenes and 

lightning pulses becoae awller as the spectral re- 

gions In which differences are to be aeaeurad betas» 

Uraader.   We have considered infrared spectral re- 

gions as narrow as 200 1 and have found no suitable 

conblnatlon of wavelengths that would peralt effec- 

tive lightning dlscrlalnatlon.    In particular, the 

coabination of 800-I-wlde channels at 8900 I 

[% IP (1,0)] for detection and 8000 I [11 (2)] or 

^50 i [11 ())] for discrlaination would be effec- 

tive only under certain selected clrcuaetances. 

We have alao studied  '.'.scrimnation of a solid- 

state array by an auxiliary pair of photoaultiplier- 

tube radicaeters, baaed on $>1B« all-sky leases at 

591'' i  (20-Jl bandwidth) and 1*950 i   (220-1 bandwidth). 

This "discrimination system" has been shown in pre- 

vious sections to be extreaely effective for dis- 

crlnlnatlon, and it also has a sensitive detection 

capability of its own.    However, the dlscrlstlnatlon 

capability of the hybrid system Including the solid- 

state array is poor because the discrlaination radl- 

oneters are limited In sensitivity relative to the 

solid-state detector.   This disparity in sensitivi- 

ties permits a nl«h rate of false triggering when 

weak lightning pulses detected by the main array are 

below the threaholds of the discrimination radloos- 

ters. 

The false-triggering rate of such a hybrid sys- 

tea can be decreased by decreasing the sensitivity 

of the solid-state array to appraxlmtely the sensi- 

tivity of the discrimination channelo during periods 

of lightning activity.    This would, of course, pro- 

duce a correspcndlng reduction In nuclear detection 

range. 

We therefore recoanend that a 3-ln.-lens dis- 

crimination system be designed for the proposed 

solid-state detection systems.    The operating proce- 

dure of such a hybrid system would Include the limi- 

tation of the main array sensitivity for the dura- 

tion of an electrical storm.    The "discrimination 

system" would, Itsel', have a nuclear-detection 

range of 2 x 10s Jt^ fca, effectively lightning dls- 

criainated, regardless of the main-array sensitivity. 

Also, because of the high degree of spectral resolu- 

tion made available by the 3-ln. lens ttirauei. the 

visible, other information can be obtained. 

VII.    SUMMRY AND RKONCMDAIICRS 

We have considered the prevention of false 

triggering by lightning of nuclear-explosion detec- 

tion systems sensitive to N« Hi  (0,0)   (39li»-i)  flu- 

orescence.    Lightning discrimination based on recog- 

nition of the source npectrum is effective against a 

large fraction of the detected pulses If a spectral 
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region near kikO I (kO-l baidvldth), k950 I (220-1 

bandwidth), 3000 1 (20>Jl bandwidth), or 6565 i  (20-Jl 

bandwidth) la uaed a« a dlBcrLminatlon ciianoel.    We 

ttave evaluated each dlacrlalnatlon channel quantita- 

tively on the baals of experiaental and theoretical 

evaluations of false trigrerinft•    Detection syrteas 

that use either the 2-10.-dia« "IA3L-?" or the U^ 

proved    -l:,.-<Uaa "LASL-^" all-sky lens were ana- 

lyzed. 

Tar LA3L-?-lens radicneters, klkO Ji is the 

poorest discrimination channel but is still effec- 

tive against ~ Q^i of all lightning pulses detected. 

The actual false-triggering rate Is ~ 103 per year, 

discrimination with 6565 I plves ~ kct Improv^asnt; 

in the false-tripgeriiv rate.   Trie Inproveoent using 

3000 i is at least a factor of 2.Ö, relative to 

UlUO 1, and nay be significantly more.    A great tn- 

proveoent is obtained with a 2Z0-JUwide channel at 

1«930 Ä, which, under typical conditions, permits on- 

ly about six false triggers per year. 

If the LASI/-2 radlosetera are replaced by a 

LASL-^ systeo, the nuclear-explosion detection range 

Increases by a factor of ■» %i, and the nunber of 

lightning pulses detected per year Increases by a 

factor of 1.7, but the nunber of falae triggers de- 

creases.    This Improvement Is caused by the Inc   ■ .'sed 

sensitivity to N* Ut (0,0)  (W-i) radiation of air 

Tuorescence and the decreased sensitivity to the 

591-'-i continum of lightning of the narrower spec- 

tral passband of the IASL-3 lens at 591- i.    Dis- 

crlnlnatloo-cr.annel effectiveness increases in the 

sane onler as that given for tne LASL-2 system: 

klkO-l tiscrljaination is effective against 96.$i of 

the detected pulses and about 660 false triggers oc- 

cur; 6963 i produces a saall Improveoent; and 3000 l 

is at least a factor of b.8 better than klkO i. 

The coBbination of a ZSO-l-wide k<r,0-l dlscria- 

inatlon channel and a tASL-3 detection systes nearly 

eliminates false trigferim.    Altho««h the calculated 

rate of one false trigger per five years  (equivalent 

to 5 x 10"* of the detected pulses) is an order-of- 

oagnitude estimate.  In any case, the value of this 

channel and system for dlscriminiitian is unsurpassed. 

We therefore reconaend that new detection sys- 

tems be equipped with lASL-'j radioneters, and that 

discrimination against llghtnli^ be acconpllshed with 

a 220-1 band centered at '•930 A.    A pair of IASL-3 

radioMters, centered at 391'» 1 (20-1 bandwidth) 

anl )»930 1  (2D0-1 bandwidth) is the most effective 

discrimination system for the solid-state air-flu- 

orescence detection system that we can recoMnd at 

present. 
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